In many bacteria that use glycollate or glyoxylate as the sole source ofcarbon for growth, the replenishment of tricarboxylic acid-cycle intermediates as these are drained away during growth is achieved through the operation of the glycerate pathway (Kornberg & Gotto, 1961;  Kornberg, 1961) . This pathway is initiated by the action of glyoxylate carboligase (Krakow, Barkulis & Hayashi, 1961) , which catalyses the decarboxylative condensation of 2mol. of glyoxylate to yield lmol. of carbon dioxide and 1 mol. of the C3 compound, tartronate semialdehyde. After a series of transformations at the C3 level, pyruvate (or phosphopyruvate) is formed, which must either be carboxylated to yield oxaloacetate, or, after oxidation to acetyl-CoA, condensed with a third mol. of glyoxylate to yield malate (Kornberg & Sadler, 1960) ; in either case, the formation of intermediates of the tricarboxylic acid cycle from glycollate is accomplished (Morris, 1963 ).
The present paper reports the absence of glyoxylate-carboligase activity from extracts ofMicrococcu8 denitrificans grown on glycollate, and presents evidence for the existence therein of a novel means of glyoxylate utilization that effects the direct synthesis of a C4 dicarboxylic acid by the condensation of two C2 compounds. Portions of this work have 19 been reported in a preliminary form (Kornberg & Morris, 1962a ,b, 1963 .
MATERIALS AND METHODS
Maintenance and growth of organisms. The strain of M. denitrifican8, obtained from Dr June Lascelles, had been originally supplied by Dr. W. Verhoeven. It was maintained on slopes of glycollate growth medium solidified with 1% of Ionagar no. 2 (Oxoid). Cultures of the organism were grown aerobically at 30°and stored at 20; they were subcultured weekly. For experimental use, organisms from the glycollate-agar slopes were used to inoculate 11. of medium containing: 6g. of K2HPO4, 4g. ofKH2PO4, ofNH4C1, 0-2g. of MgSO4,7H20, 0 04g. of CaCl2, 0-008g. of MnSO4, 0-005g. of FeSO4,7H20, 0-015g. of Na2MoO4,2H20 and, as sole carbon source, 2-5g. of sodium glycollate. The inoculated medium was shaken in a 21. conical flask at 30°in a Gyrotory incubator shaker (New Brunswick Scientific Co., New Brunswick, N.J., U.S.A.). The bacteria were harvested during the exponential phase of growth (at cell densities of 0-40-6mg. dry wt./ml.) by centrifuging at 1500g. for lOmin. at 2°. For experiments on the incorporation of 14C from [2-14C] glycollate into growing organisms, they were resuspended to a cell density of about 8mg. dry wt./ml. in fresh growth medium containing glycollate (5mM). For studies on the oxidation of substrates, and for preparation of extracts, the organisms were washed with, and resuspended in, 10mM-sodium-potassium phosphate buffer, pH7-0.
Bioch. 1965, 95 5977 H. L. KORNBERG AND J. G. MORRIS Measurement of growth. Growth was followed turbidimetrically at 680m,u with a Unicam SP. 600 spectrophotometer. The relation between Es68 and dry wt. was determined and found to be linear up to a reading of approx. 0-8. Incorporation of14Cfrom [2-14C] glycoUate. The procedures used for study of the incorporation of 14C from [2-14CJ-glycollate into constituents ofthe ethanol-solublefration of organisms growing on glycollate were similar to those deseribed for Pseuomonas (Kornberg, 1958) , and E8cheri-chia coli (Kornberg, Phizackerley & Sadler, 1961) metabolizing acetate.
A8say and identifwation of labeUed compouni . Isotopically labelled materials were located and identified on twodimensional paper chromatograms by radioautography and co-chromatography with authentic unlabelled materials, as described by Kornberg (1958) . In addition, amino acids were analysed by high-voltage paper-strip electrophoresis in 02m-acetic acid-pyridine buffer, pH4*0 (60cm. strip length; 8kv; 60 mA for 45min.).
Preparation of cell extracts. Suspensions of freshly grown organisms (10mg. dry wt./ml. in OOlM-tris-HCl buffer, pH8) were subjected for 7-10min. at 00 to the output of an MSE ultrasonic disintegrator operating at 1'5A, or were passed through a chilled French pressure cell (American Instrument Co., Silver Spring, Md., U.S.A.) at 120001b.Iin.2. In experiments to test for glyoxylate-carboligase activity, extracts were also prepared at -20°in the Hughes (1951) preas. All extracts were centrifuged at 20000g. for 10mi. at 20; the supernatant solutions thus obtained were used for experimental purposes.
Detmination of protein. Soluble protein was generally measured by the method of Lowry, Rosebrough, Farr & Randall (1951) ; a standard curve was prepared with crystalline bovine plasma albumin (Armour Laboratories, Eastbourne. Sussex).
Identification of keto acids. Keto acids were analysed as their 2,4-dinitrophenylhydrazones by one-dimensional ascending paper chromatography in the solvent system of El Hawary & Thompson (1953) .
Estimation of glyoxylate. Glyoxylate was assayed as its 2,4-dinitrophenylhydrazone. To lml. of a solution of glyoxylate (10-100m,umoles) was added 0-33ml. of 0.1% 2,4-dinitrophenylhydrazine in 2N-HCl, and the mixture was incubatedfor 10min. at 300. Then 1-67ml. of 10% (w/v) NaOH was added and the colour read against a reagent blank at 445m,u in a Unicam SP.500 spectrophotometer. In this assay ee5 for glyoxylate was 2-1 x 104.
Identification of diastereomers of -1-hydroxyaspartate. The erythro and threo isomers of DL-fi-hydroxyaspartate were identified by high-voltage paper-strip electrophoresis, either in 0 05x-oxalate buffer, pH3-4 (Jenkins, 1961), or in 0*2 x-acetic acid-pyridine buffer, pH4 0 (60 cm. strip length; 8kv; 6OmA for 45min.). These compounds migrated towards the anode and were completely separated from each other (and from glycine). ethanol-aq. ammonia (sp.gr.0.88)-water (20:1:4, by vol.) (Long, Quayle & Stedman, 1951 Kornguth & Salach (1960) . The purity of all 14C-labelled compounds was checked by two-dimensional paper chromatography or high-voltage paper electrophoresis, followed by radioautography with Kodak Blue Brand X-ray film.
Other materias ued. Samples of erythro-and threo-DL-fihydroxyaspartate were at first synthesized by the method of Kornguth & Sallach (1960) Assay of glycola*e oxidase (EC 1.1.3.1). This enzyme was asayed by measuring the glycollate-dependent reduction of 2,6-dichlorophenol-indophenol at 600m,. or of cytochrome c at550m,u, inthe presence ofcyanide and catalytic amounts of phenazine methosulphate (Zelitch & Ochoa, 1953; (Krakow & Barkulis, 1958; Krakow et al. 1961 ) was assayed manometrically by measuring the rate of anaerobic evolution of CO2 from glyoxylate, as described by Kornberg & Gotto (1961) .
Assays of malWe synthase (EC 4.1.3.2) and citrate synthase (EC 4.1.3.7). These enzymes were estimated spectrophotometrically, as described by Dixon & Kornberg (1959) .
Assay of tartronate semialdehyde redutase (EC 1.1.1.g). This enzyme was measured spectrophotometrically by NADH2 oxidation by using a sample of tartronate semialdehyde prepared from glyoxylate with purified glyoxylate carboligase (Gotto & Kornberg, 1961 O, glyoxylate (25mM) plus glycine (5mM). Growth was followed turbidimetrically during continued aerobic incubation at 300. basal medium containing glycollate as the sole source of carbon when either nitrate or oxygen was the terminal hydrogen acceptor; aerobic growth was used as a routine. Less rapid growth was obtained with ethane-1,2-diol or glyoxylate in place of glycollate. Although no growth on glycine alone was observed in 8hr., a mixture of glycine and glyoxylate was utilized somewhat more effectively than glyoxylate by itself (Fig. 1) .
Oxidation ofsubstrates by whole organisms. Washed suspensions of glycollate-grown M. denitrificans rapidly oxidized glycollate, glyoxylate and glycerate; malate, succinate and oxaloacetate were oxidized rapidly after a short lag; but glycine was oxidized only slowly (Table 1 ). The rate of oxygen uptake with glycollate was sufficient to account for the total oxidation of 2,umoles of this compound/ mg. dry wt./hr. and the total quantity of oxygen absorbed, corrected for the endogenous respiration, was 55% of the amount required for complete oxidation of the glycollate. Arsenite (0-02M) partially inhibited the oxidation of glycollate and provoked release of a keto acid identified as glyoxylate by chromatography of its 2,4-dinitrophenylhydrazone (Fig. 2) 'ARTATE PATHWAY 581 chromatography of the product demonstrated that this was glyoxylate. Spectrophotometric assays of the glycollate oxidase content of cell-free extracts, obtained from M. denitrificans grown on various carbon sources, showed that the enzyme was virtually absent after growth on acetate or lactate or 04 dicarboxylic acids such as succinate or aspartate, but was inducibly synthesized on transference ofthe organism to a medium in which growth was dependent on utilization of glycollate (Fig. 4) .
Absence of the glycerate pathway. Escherichia coli (Krakow et al. 1961 ) and Pseudomona8 sp. (Kornberg & Gotto, 1959 Utilization of glyoxylae by extracts. Extracts of glycollate-grown M. denitriftcans possessed considerable NADH2-oxidase activity but did not oxidize added NADPH2. On the addition of glyoxylate a slow but continuing oxidation ofNADPH2 was initiated. With the aid of [2-14C]glyoxylate, and two-dimensional paper chromatography and radioautography of the product after protein precipitation, it was established that the material formed from glyoxylate was glycollate. The observed reaction was thus the result of a slight glyoxylatereductase (EC 1.1.1.26) activity. However, when glycine was added subsequently, this slow oxidation ofNADPH2 was markedly stimulated (Fig. 5) . When these C2 compounds were added in the reverse order, it was found that, though glycine by itself did not cause the oxidation of NADPH2, the subsequent addition of glyoxylate again produced the fast rate of NADPH2 oxidation (Fig. 5) . With a mixture either of [2-14C]glycine plus glyoxylate or of glycine (Sadler, 1961) (Metzler, Longenecker & Snell, 1954) . When the diastereomers of this hydroxyamino acid were tested, it was found that the threo isomer was without activity, whereas erythro-DL-fl-hydroxyaspartate was even more effective than an equimolar mixture of glycine and glyoxylate in promoting the oxidation of NADPH2 in extracts ofglycollate-grown M. denitriftcans (Fig. 5) .
Metabolism of erythro-DL-ft-hydroxyaspartate in extracts. When erythro-fl-hydroxyaspartate was added to freshly prepared extracts of glycollategrown M. denitrijians in tris-hydrochloric acid buffer, pH8, it was rapidly metabolized to yield chiefly oxaloacetate with some pyruvate and less glyoxylate. The formation of oxaloacetate could be followed spectrophotometrically at 262m/h, or at 252m,u in the presence of semicarbazide at pH 6-5 (Komberg & Morris, 1962b) . In the presence of semicarbazide, oxaloacetate was the sole labelled product of erythro-,-hydroxy[1,4-l4C2]a3partate utilization (identified by chromatography of the 2,4-dinitrophenylhydrazone produced after acid hydrolysis of the semicarbazone). Evidence for the existence of erythro-fi-hydroxyaspartate dehydratase. The conversion of erythro-,-hydroxyaspartate into oxaloacetate could occur by any one of at least three routes (Scheme 1). If erythro-,-hydroxyaspartate were acted on by a transaminase or oxidoreductase (deaminating), the immediate product would be oxaloglycollate (reaction 1): this might then give rise to oxaloacetate by some undisclosed pathway (possibly via tartrate). The product of the action of a deaminase akin to aspartase (reaction 2) would be the enol form of oxaloacetate, which would tautomerize to yield oxaloacetate whose keto group was derived from the ,B-carbon atom oferythro-fl-hydroxyaspartate. Were erythro-fl-hydroxyaspartate the substrate for a hydroxyamino acid dehydratase (reaction 3), then the oxaloacetate formed would possess a keto group originating in the ac-carbon atom of the erythro-f3-hydroxyaspartate. (20,umoles; 0.1,ua/,umole) . The pyruvate formed was identified by paper chromatography of its 2,4-dinitrophenylhydrazone (see the Materials and Methods section), followed by radioautography. Unlabelled pyruvatewas obtained when [1-14C] glyoxylate was the labelled substrate, but when [1-14C]glycine was used the label was retained in the pyruvate formed, which was highly radioactive. These results indicated that formation of oxaloacetate from erythro-fi-hydroxyaspartate in these extracts proceeded via reaction (3) and that the responsible enzyme was an erythro-3-hydroxyaspartate hydro-lyase (deaminating) akin to other hydroxyamino acid dehydratases , and thus trivially named erythro-,-hydroxyaspartate dehydratase (Kornberg & Morris, 1962b) . Purification of this enzyme (Gibbs & Morris, 1964b) has shown that it is a stable pyridoxal phosphateactivated enzyme, highly specific in its actior on erythro-,B-hydroxyaspartate, being completely wiLthout activity on serine, threonine, threo-,-hydroxyaspartate and both erythro and threo diastereoisomers of DL-,B-hydroxy-,-methylaspartate.
Enzymieformation of erythro-fl-hydroxyampartate.
No radioactive zone corresponding to erythro-,-hydroxyaspartate was detected by radioautography of the ethanol-soluble compounds formed at earliest times during the utilization of [2-14C]glycollate by a growing culture of M. denitriftcan (Fig. 3) (2,umoles) were incubated at 300 in 1 ml. (final vol.) with trishydrochloric acid buffer, pH 8 (20,umoles), magnesium chloride (1 umole), pyridoxal phosphate (10 m,umoles) and cell-free extract (2mg. of protein). A duplicate tube contained the above but with cell extract that had been heated at 100°for 15min. After 30min. incubation, erythro-,B-hydroxyaspartate (5,umoles) was added and the protein precipitated with ethanol (3ml.). High-voltage paper electrophoresis of the ethanol extract (see the Materials and Methods section), followed by radioautography, demonstrated the presence of labelled erythro-.f-hydroxyaspartate only in the mixture that had containedunboiled extract. Althoughnonenzymic interaction of glycine and glyoxylate is known to occur, the product is a mixture of the erythro and threo forms of fl-hydroxyaspartate (Metzler et al. 1954 ; Kornguth & Sallach, 1960 (Table 1) Cell density (mg. dry wt./ml.) Fig. 6 . Induction of enzymes of the ,B-hydroxyaspartate pathway. M. denitrifican8 was grown in a medium containing aspartate (25 mm) as the sole source ofcarbon. Harvested organisms were transferred to fresh medium containing aspartate (5mM) and glycollate (25mm) to give an initial cell density of approx. 0-2mg. dry wt./ml. Growth was measured turbidimetrically during aerobic incubation at 300 and samples were withdrawn at intervals for assay of enzymic content (see the Materials and Methods section). For convenient graphic representation, specific activities of the enzymes (Mumoles ofsubstrate utilized/mg. ofprotein/hr.) were multiplied as follows: *, glycollate oxidase, by 4; o, erythro-.-hydroxyaspartate dehydratase, by 2; , erythro-.-hydroxyaspartate aldolase, by 0-1.
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Glycollate tate was inhibitory to growth of the organism on other carbon sources, e.g. on malate (20mM) it was wholly inhibitory to growth at 10mM, and on glycollate (20mM) it was inhibitory to growth at 30mm.
DISCUSSION
The utilization of glyoxylate in M. denitrificans proceeds by a sequence of enzymic reactions unique in being the only route known to effect the direct condensation of two C2 compounds, without prior activation to CoA derivatives, to yield a 04 dicarboxylic acid precursor of a tricarboxylic acid-cycle intermediate. This ,B-hydroxyaspartate pathway is summarized in Scheme 2.
The preliminary loss of carbon dioxide with subsequent recarboxylation, which is a feature both of the glycerate pathway (Kornberg & Gotto, 1961) and of the utilization of glycine via serine (Sagers & Gunsalus, 1961; Morris, 1963) , is avoided in the ,-hydroxyaspartate pathway, which would thus appear to be a more economic metabolic route. The relatively low activity of malate synthase in glycollate-grown M. denitrificans (Table 3 ) further suggests that the fl-hydroxyaspartate pathway also plays a catabolic role in this organism, in contrast with the situation in which the glycerate pathway performs only an anaplerotic function, the energyyielding catabolic function being assumed by the dicarboxylic acid cycle (Kornberg & Sadler, 1960) .
At present, the fl-hydroxyaspartate pathway has only been demonstrated to operate during growth of Ml. denitrifcans on glyoxylate. Even Azotobacter sp. that may form ,B-hydroxaspartate during growth (Virtanen & Saris, 1957) do not form the enzymes ofthe P-hydroxyaspartate pathway during growth on ethane-1,2-diol, but use instead the more usual glycerate pathway (Morris, 1964) . This exceptional behaviour of M. denitrificans has yet to be explained.
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